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A  microfluidic  fuel  supply  concept  for  passive  and  portable  direct  methanol  fuel  cells  (DMFCs)  that  oper¬ 
ates  in  all  spatial  orientations  is  presented.  The  concept  has  been  proven  by  fabricating  and  testing  a 
passive  DMFC  prototype.  Methanol  transport  at  the  anode  is  propelled  by  the  surface  energy  of  deformed 
carbon  dioxide  bubbles,  generated  as  a  reaction  product  during  DMFC  operation.  The  experimental  study 
reveals  that  in  any  orientation,  the  proposed  pumping  mechanism  transports  at  least  3.5  times  more 
methanol  to  the  reactive  area  of  the  DMFC  than  the  stoichiometry  of  the  methanol  oxidation  would 
require  to  sustain  DMFC  operation.  Additionally,  the  flow  rates  closely  follow  the  applied  electric  load; 
hence  the  pumping  mechanism  is  self-regulating.  Oxygen  is  supplied  to  the  cathode  by  diffusion  and 
the  reaction  product  water  is  transported  out  of  the  fuel  cell  along  a  continuous  capillary  pressure  gra¬ 
dient.  Results  are  presented  that  demonstrate  the  continuous  passive  operation  for  more  than  40  h  at 
ambient  temperature  with  a  power  output  of  p  =  4  mW  cm-2  in  the  preferred  vertical  orientation  and  of 
p  =  3.2  mW  cm-2  in  the  least  favorable  horizontal  orientation  with  the  anode  facing  downwards. 

©  2009  Elsevier  B.V.  All  rights  reserved. 


1.  Introduction 

Direct  methanol  fuel  cells  (DMFCs)  still  attract  a  considerable 
amount  of  interest  among  researchers  and  scientists  because  of 
their  high  theoretical  energy  density  and  the  comparatively  easy 
handling.  The  recently  proposed  passive  concepts  for  fueling  DMFCs 
[  1  -11  ]  are  promising.  These  concepts  aim  to  supply  the  fuel  cell  with 
reactants  without  the  need  for  any  external  pumps  and  valves.  The 
DMFC  system  becomes  small  and  compact  and  the  overall  energy 
density  is  increased,  which  makes  the  DMFC  attractive  as  a  possible 
power  source  for  portable  electronic  devices.  However,  in  particu¬ 
lar  for  the  passive  DMFC,  the  dependence  of  the  performance  on 
the  spatial  orientation  of  the  DMFC  poses  a  significant  challenge. 
Both  at  the  anode  and  the  cathode,  two-phase  flow  occurs  which  is 
subject  to  buoyancy  effects  at  the  anode  and  gravity  at  the  cathode. 
Therefore,  transport  of  the  reaction  products  and  educts  strongly 
depends  on  the  spatial  orientation  of  the  fuel  cell.  Whereas  buoy¬ 
ancy  forces  can  be  used  to  drive  a  passive  fuel  supply  in  DMFCs 
with  a  fixed  orientation  [2],  these  effects  are  undesirable  for  the 
portable  orientation-independent  DMFC  as  demonstrated  in  [3]: 
An  in-house  fabricated  DMFC  breathes  air  at  the  cathode  and  has 
the  methanol  reservoir  directly  attached  to  the  anode  flow  field.  In 
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particular,  the  DMFC  shows  a  rapid  decline  in  performance  for  the 
horizontal  orientation  with  the  anode  facing  downwards,  which  is 
probably  caused  by  C02  gas  bubbles  hindering  the  methanol  sup¬ 
ply  at  the  anode  and  by  water  flooding  the  cathode.  In  [5],  a  brief 
overview  is  given  of  the  existing  concepts  for  passive  DMFC  oper¬ 
ation  and  a  new  passive  fuel  management  system  is  introduced. 
This  system  utilizes  porous  media  for  methanol  fuel  dosage  and 
delivery.  Due  to  the  small  dimensions  in  the  porous  media,  surface 
forces  dominate  over  volume  forces,  so  the  system  is  potentially 
independent  of  its  orientation.  However,  the  dependence  of  the 
performance  on  the  orientation  of  the  DMFC  is  not  further  dis¬ 
cussed.  In  particular,  the  transport  of  C02  away  from  the  porous 
medium  out  of  the  system  remains  unclear.  In  [10],  a  DMFC  pro¬ 
totype  is  presented  with  a  passive  methanol  dosage  feature.  A 
reservoir  with  pure  methanol  is  separated  from  the  flow  field  con¬ 
taining  diluted  methanol  by  a  Teflon®  membrane  and  the  dosage  of 
methanol  is  regulated  by  the  concentration  gradient  of  methanol 
across  the  membrane.  The  transport  of  methanol  to  the  reactive 
area  is  dominated  by  diffusion  and  the  reaction  product  carbon 
dioxide  is  transported  by  buoyancy  forces  to  a  hole  where  the  C02 
gas  is  vented.  As  the  C02  transport  is  driven  by  buoyancy  forces, 
the  performance  of  the  system  depends  on  the  orientation  of  the 
DMFC.  Nevertheless,  the  fuel  dosage  system  is  promising  because 
highly  concentrated  methanol  is  stored  in  the  fuel  tank  which 
increases  the  energy  density  in  comparison  to  the  storage  of  diluted 
methanol. 
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Nomenclature 

^MEA 

active  area  of  the  Membrane  Electrode  Assembly 
(MEA)  (cm2) 

9 

concentration  of  the  aqueous  methanol  solution 
(molnrr3) 

d 

diameter  of  the  poles  of  the  bubble  fence  (mm) 

Dgap 

depth  of  the  gaps  between  the  poles  of  the  bubble 
fence  (mm) 

F 

Faraday  constant  (F=  96485  C  mol-1 ) 

g 

acceleration  due  to  gravity  (9.81  m  s-1 ) 

hi 

channel  height  at  the  cathode  side  facing  the  MEA 
(mm) 

h2 

channel  height  at  the  cathode  side  away  from  the 
MEA  (mm) 

hb 

channel  height  at  the  bubble’s  back  meniscus  (mm) 

kf 

channel  height  at  the  bubble’s  front  meniscus  (mm) 

hgcc 

channel  height  of  the  gas  collection  channel  (mm) 

hhyd 

difference  in  hydrostatic  height  (mm) 

i 

current  density  (mAcnrr2) 

l 

length  of  the  channel  (mm) 

Lbub 

length  of  a  gas  bubble  (mm) 

Mco2 

molar  weight  of  C02  MC02  =  44  g  mol-1 

Apcap 

capillary  pressure  difference  over  a  deformed  gas 
bubble  in  a  tapered  channel  (Pa) 

A  Pint 

capillary  pressure  difference  across  a  single  liquid- 
gas  interface  (Pa) 

A  Pbuo 

pressure  difference  across  a  bubble  caused  by  buoy¬ 
ancy  (Pa) 

Peff 

pumping  efficiency  defined  as  the  ratio  between  the 
liquid  flow  rate  induced  by  the  moving  bubbles  to 
the  bubbly  gas  flow  rate  (-) 

P 

power  density  (mW cm-2) 

r 

radius  of  a  liquid/gas  interface  (mm) 

t 

time  (s) 

T 

temperature  (°C) 

w 

channel  width  at  the  anode  (mm) 

Wi 

channel  width  at  the  cathode  on  the  side  facing  the 
MEA  (mm) 

w2 

channel  width  at  the  cathode  on  the  side  away  from 
the  MEA  (mm) 

Wgap 

width  of  the  gaps  between  the  poles  of  the  bubble 
fence  (mm) 

Wggc 

channel  width  of  the  gas  collection  channel  (mm) 

X 

horizontal  coordinate 

y 

vertical  coordinate 

a 

opening  angle  of  the  tapered  channel  (°) 

0 

contact  angle  (°) 

Ohys 

contact  angle  hysteresis  (°) 

Oad 

advancing  contact  angle  (°) 

@rec 

receding  contact  angle  (°) 

0 

flow  rate  (pi  min-1) 

K 

curvature  of  the  liquid/gas  interface  (m-1 ) 

P 

fluid  density  (methanol  solution  2M:  p/  =  968kg 
m-3 ;  C02  gas:  pg  =  1.98  kg m-3 ) 

G 

surface  tension  (methanol  solution  2M;  T=  23  °C: 
0.062  Nm-1) 

The  main  objective  of  our  current  work  is  to  address  the 
challenge  of  the  orientation-independent  performance  of  passive 
DMFCs.  Fuel  transport  driven  by  capillary  forces  is  used  to  imple¬ 
ment  a  passive  fuel  supply  in  all  spatial  directions.  The  focus  is  on 
the  supply  mechanism  to  the  anode  where  a  passive  CO2 -bubble 
pump  delivers  methanol  by  convection  in  a  similar  way  to  an  active 


supply  mechanism  but  without  the  need  for  any  external  com¬ 
ponents  such  as  pumps  or  valves.  The  bubble  pump  utilizes  the 
surface  forces  of  deformed  C02  bubbles  in  tapered  channels  and 
ensures  C02  degassing  and  methanol  supply  regardless  of  the  ori¬ 
entation  of  the  fuel  cell.  Furthermore,  the  supply  mechanism  is 
fully  self-regulating  as  the  bubble  generation  frequency  is  propor¬ 
tional  to  the  electric  load.  Additionally,  a  cathode  flow  field  with 
water  removal  driven  by  capillary  forces  has  been  added  to  ensure 
stable  passive  DMFC  performance.  The  flow  field  is  made  of  micro- 
structured  porous  carbon  in  which  oxygen  is  supplied  by  diffusion. 
The  reaction  product,  water,  is  transported  out  of  the  DMFC  along  a 
continuous  capillary  gradient  which  prevents  flooding  of  the  cath¬ 
ode  flow  field. 

2.  Operating  principle 

In  the  present  study,  the  DMFC  is  operated  with  a  liquid 
water-methanol  mixture  at  the  anode  and  air  at  the  cathode.  The 
methanol  oxidation  reaction  at  the  anode  yields: 

CH3OH  +  H20  -*  C02  +  6H+  +  6e-  (1 ) 

At  the  cathode,  oxygen  is  reduced  to  water: 

6H+  +  6e“  + 1 .502  -*  3H20  (2) 

The  proposed  passive  DMFC  is  depicted  schematically  in  Fig.  1. 
The  anode  flow  field  consists  of  parallel  tapered  channels  (Fig.  1 
(part  2)).  As  soon  as  a  C02  bubble  that  has  grown  on  or  emerged 
from  the  Porous  Transport  Layer  (PTL)  touches  the  upper  and  lower 
surfaces  of  the  tapered  channel,  it  becomes  deformed,  forming 
interfaces  with  different  curvatures  at  the  two  ends  of  the  bubble. 
As  a  result,  a  capillary  pressure  gradient  is  induced  over  the  bubble 
that  transports  the  bubble  towards  the  greater  cross-section  of  the 
tapered  channel.  Details  of  this  mechanism  including  a  discussion 
on  the  influence  of  geometric  parameters  and  wetting  properties, 
are  presented  in  our  previous  work  [12].  Each  channel  terminates 
at  a  gas  collection  channel  that  connects  the  parallel  channels  with 
each  other.  The  gas  collection  channel  is  covered  with  a  hydrophobic 
membrane  (Fig.  1  (part  3))  such  as  that  utilized  in  [13]  for  gas  vent¬ 
ing  in  a  miniaturized  bubble  pump.  The  hydrophobic  membrane 
allows  the  carbon  dioxide  to  pass  whereas  the  liquid  is  blocked. 
At  the  lower  end  of  the  gas  collection  channel,  a  bubble  fence 
(Fig.  1  (part  4))  is  embedded  that  allows  the  liquid  to  pass  but 
blocks  the  gas.  As  a  consequence,  the  bubbles  moving  along  the 


Fig.  1.  Schematic  of  the  passive  DMFC.  (1 )  Transparent  anode  flow  field;  (2)  tapered 
channel;  (3)  hydrophobic  membrane;  (4)  bubble  fence;  (5)  PTL  and  MEA;  (6)  tubing; 
(7)  flow  sensor;  (8)  camera;  (9)  reservoir;  (10)  cathode  mount;  (11)  cathode  flow 
field;  (12)  non-woven  material  for  capillary  water  transport. 
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tapered  channels  pump  the  methanol  solution  through  the  bub¬ 
ble  fence  and  the  tubing  into  the  reservoir  and  leave  the  system 
through  the  hydrophobic  membrane.  Simultaneously,  the  bubble 
movement  sucks  liquid  from  the  reservoir  into  the  narrow  end  of 
the  channel.  Thus,  a  net  circulation  of  methanol  is  induced  that 
supplies  the  DMFC  with  methanol. 

Fuel  supply  at  the  cathode  is  achieved  by  diffusion  of  oxygen  in 
ambient  air.  For  such  an  air-breathing  DMFC,  the  accumulation  of 
water  in  the  cathode  flow  field  creates  significant  difficulties  [14]. 
In  the  current  work,  a  micro-structured,  hydrophilic,  porous  car¬ 
bon  flow  field  has  been  used  that  strongly  draws  water  into  the 
bulk  material.  Thus,  oxygen  diffusion  through  the  channels  is  never 
blocked.  Non-woven  material  with  a  higher  capillarity  than  the 
porous  carbon  is  attached  to  the  carbon  flow  field  in  order  to  trans¬ 
port  the  water  further  out  of  the  DMFC,  where  the  water  finally 
evaporates. 

3.  Design  of  the  passive  anode  and  cathode 

Commercially  available  membrane  electrode  assemblies  (MEAs) 
and  porous  transport  layers  (PTLs)  have  been  used  in  the  studied 
DMFC  assemblies.  Thus,  the  discussion  is  limited  to  the  anode  and 
cathode  flow  fields. 

3.1  Anode  flow  field 

In  a  first  step,  the  main  parameters  for  the  anode  flow  field 
channels  are  approximated  by  a  simple  model  to  ensure  that  the 
capillary  pressure  of  the  bubbles  is  large  enough  to  transport  the 
bubbles  along  the  channel  even  against  their  buoyancy  forces.  The 
bubbles  are  transported  against  buoyancy  forces  when  the  DMFC 
is  oriented  vertically  with  the  opening  of  the  tapered  channels  fac¬ 
ing  downwards.  The  maximum  volume  to  surface  force  ratio  and 
thus  the  maximum  influence  of  buoyancy  effects  occurs  when  the 
bubble  is  at  the  channel  outlet,  just  before  it  moves  into  the  gas 
collection  channel.  This  configuration  is  schematically  depicted  in 
Fig.  2.  If  the  capillary  pressure  across  the  bubble  of  length  Lbub  at 
this  position  is  large  enough  to  move  the  bubble  against  buoyancy 
forces,  any  bubble  of  length  Lbub  or  larger  at  any  position  in  the 
tapered  channel  will  be  transported  under  any  DMFC  orientation  by 
capillary  forces  to  the  hydrophobic  membrane,  where  the  bubble 
is  vented.  Thus,  in  this  design  step,  the  vertically  oriented  DMFC  is 
considered,  in  which  the  buoyancy  pressure  A pbuo  and  the  capillary 
pressure  A pcap  are  calculated  for  a  bubble  with  its  front  meniscus 
situated  at  the  end  of  the  tapered  channel  at  the  intersection  to  the 

Pumping  direction  ^ 


Hydrophobic  membrane 


Fig.  2.  Schematic  of  a  gas  bubble  at  the  intersection  of  the  tapered  channel  to  the  gas 
collection  channel.  The  contact  angles  are  specified  as  the  front  contact  angel  Of  and 
the  back  contact  angle  0b  with  respect  to  the  main  pumping  direction.  If  the  bubble 
moves  in  the  pumping  direction,  Of  is  the  receding  and  0b  the  advancing  contact 
angle.  If  the  bubble  moves  against  the  main  pumping  direction,  Of  is  the  advancing 
and  0b  the  receding  contact  angle.  The  indexes  “sv”  and  “tv”  stand  for  side  view 
projection  and  top  view  projection,  respectively.  The  curvature  at  the  front  and  the 
back  meniscus  are  calculated  by  k  =  0.5(r“1  +  rfj )  as  shown  in  Eqs.  (5)  and  (6). 


gas  collection  channel: 

APbuo  —  ( Pf  ~  Pg)§Lbub  (3) 

Apcap=2cr{Kh-Kf).  (4) 

In  Eq.  (3),  the  bubble  length  Lbub  is  equivalent  to  the  difference  in 
hydrostatic  height  across  the  bubble,  pf  is  the  density  of  the  fluid, 
pg  is  the  density  of  the  gas,  and  g  is  the  acceleration  due  to  gravity. 
The  curvatures  of  the  liquid/gas  interfaces  tcb  and  Kf  at  the  back 
and  the  front  of  the  bubble,  respectively,  can  each  be  calculated 
from  the  two  main  curvatures  arising  in  the  top  and  side  projection 
planes  of  the  bubble,  as  further  detailed  in  [15].  In  the  following,  it 
is  assumed  that  all  gas  bubbles  which  move  through  the  channels  of 
the  vertically  oriented  DMFC  touch  all  four  channel  surfaces.  If  the 
bubble  moves  towards  the  opening  of  the  channel,  the  curvatures 
of  the  bubble  interfaces  yield: 

Kb  =  cos  (oad  +  |  j  T  +  cos((9ad)2 

Kf  =  COS  ( Orec  —  f)  ^  COS ($rec)~ 

In  Eq.  (5),  the  opening  angle  of  the  tapering  is  denoted  by  a, 
w  is  the  channel  width,  and  hb  and  hf  are  the  channel  heights  at 
the  position  of  the  back  and  the  front  meniscus,  respectively.  0ad 
and  Orec  are  the  advancing  and  the  receding  contact  angles  which 
differ  from  each  other  due  to  the  phenomenon  of  contact  line  pin¬ 
ning  that  causes  a  contact  angle  hysteresis  as  described  in  [16]: 

@hys  =  @ ad  ~  @rec- 

For  a  bubble  moving  backwards  towards  the  inlet,  i.e.  when 
buoyancy  forces  exceed  the  capillary  forces,  the  advancing  menis¬ 
cus  becomes  a  receding  one  and  vice  versa.  The  curvatures  of  the 
interfaces  are  thus  calculated  by: 

Kb  —  cos  (^rec  +  C°s(0rec)  — 

/  (x\  l  l 

Kf  =  cos  [0ad  -  - )  —  +  cos(6>ad)- 

For  the  studied  bubble  position  depicted  in  Fig.  2,  the  channel  height 
at  the  front  meniscus  of  the  bubble  hf  is  the  channel  height  at  the 
intersection  of  the  tapered  channel  and  the  gas  collection  channel. 
The  channel  height  of  the  back  meniscus  can  be  calculated  as  a 
function  of  the  bubble  length  as  follows: 

_  hf  -  tan(q/2)(2 Lbub  -  h/tan(l/4(cy  +  n  -  2 flrec))) 
b~  1  -  tan(a/2)tan(l/4(-a  +  tt  -  20ad)) 

for  a  bubble  moving  in  the  pumping  direction.  If  the  bubble  moves 
against  the  pumping  direction,  the  channel  height  at  the  back 
meniscus  yields: 

_  hf  -  tan(Q'/2)(2Lbub  -  h/tan(  1  /4(«  +  jt-  2flad))) 

b  ~  1  -  tan(a/2)tan(l /4{-a  +  7 r  -  2 6rec)) 

If  for  a  given  bubble  length  Lbub  the  capillary  pressure  calculated 
with  Eq.  (4),  Eq.  (5),  and  Eq.  (7)  exceeds  the  pressure  differ¬ 
ence  caused  by  buoyancy  (Eq.  (3)),  the  bubble  moves  towards  the 
hydrophobic  membrane.  If  the  buoyancy  pressure  exceeds  the  cap¬ 
illary  pressure  calculated  with  Eq.  (4),  Eq.  (6),  and  Eq.  (8),  the  bubble 
moves  backwards.  If  neither  of  the  above  statements  is  true,  the 
bubble  does  not  move.  In  this  case,  the  difference  between  the  buoy¬ 
ancy  force  and  the  capillary  force  is  equalized  by  the  pinning  force 
that  causes  the  contact  angle  hysteresis. 

With  the  presented  set  of  equations  (Eqs.  (3)-(8)),  the  geometric 
parameters  and  wetting  properties  of  the  tapered  channels  of  the 
anode  flow  field  can  be  determined  so  that  the  bubbles  move  in  the 
preferred  pumping  direction  even  against  buoyancy  forces. 

In  a  second  step,  the  pump  performance  of  the  passive  anode 
flow  field  is  characterized.  The  focus  is  to  analyze  the  liquid  flow 
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rates  induced  by  the  moving  bubbles  for  different  DMFC  orienta¬ 
tions.  The  pumping  efficiency  pejy,  defined  as  the  ratio  of  the  induced 
liquid  flow  rate  to  the  bubbly  C02  gas  flow  rate  is  used  to  evaluate 
the  pump  performance  of  the  anode  flow  field. 


Peff  = 


^ liquid 
@gas 


(9) 


In  our  previous  work  [12],  peff  was  studied  for  different  channel 
types,  channel  geometries,  and  surface  coatings  in  singly  tapered 
channels  with  the  gas  flow  supplied  by  a  syringe  pump.  For  the 
present  study,  the  pump  performance  in  the  anode  flow  field 
consisting  of  six  parallel  channels  is  characterized  during  DMFC 
operation  for  different  orientations  of  the  DMFC.  During  passive 
operation,  it  is  assumed  that  the  liquid  is  saturated  with  C02,  so 
that  all  C02  is  generated  in  the  gaseous  phase  and  the  volumetric 
gas  flow  rate  0gas  can  be  calculated  from  the  current  density  i,  the 
molar  weight  MC02 ,  the  density  pc o2  and  the  active  area  of  the  MEA 
as  follows: 


c Pgas  — 


^meaMco2  •  i 

Pc  o2  6E 


(10) 


where  F  is  the  Faraday  constant.  For  the  operating  DMFC,  the  mini¬ 
mum  pumping  efficiency  to  fulfill  the  stoichiometry  requirements 
of  the  methanol  oxidation  reaction  (MOR)  yields: 


dmor  =  Pco2 
MCq2  Cf 


(11) 


where  MC02  is  the  molecular  weight  of  C02  and  Cf  is  the  molar 
concentration  of  the  aqueous  methanol  solution.  In  the  present 
work,  a  methanol  concentration  of  the  water-methanol  solution 
that  corresponds  to  2  mol  l-1  was  used.  Assuming  the  density  of 
carbon  dioxide  at  room  temperature,  the  minimum  required  pump¬ 
ing  efficiency  for  the  MOR  yields  P^0R  =  2%.  The  actual  peff  at  the 
anode  flow  field  must  be  higher  than  the  minimum  value  based 
on  stoichiometry  because  of  methanol  crossover  [17,18].  In  [19], 
an  equivalent  methanol  crossover  current  is  reported  to  be  sev¬ 
eral  times  higher  than  the  actual  electric  current  and  in  [8],  the 
methanol  crossover  flow  for  a  specific  passive  DMFC  is  estimated 
to  2.7  times  higher  than  the  methanol  consumption  by  the  MOR 
for  a  specific  operation  point.  To  account  for  the  losses  of  methanol 
caused  by  crossover,  the  aim  of  this  work  is  to  design  a  passive  sup¬ 
ply  mechanism  as  described  in  Section  2  that  delivers  methanol 
with  a  pumping  efficiency  that  is  at  least  3  times  but  preferably 
more  than  3  times  higher  than  the  peff  of  2%  required  for  the  MOR. 


3.2.  Cathode  flow  field 


The  cathode  flow  field  has  been  designed  to  match  the  geom¬ 
etry  of  the  anode  flow  field.  Parameters  studied  in  advance  were 
the  capillarity  of  the  porous  carbon  needed  for  the  water  trans¬ 
port  and  the  channel  cross-sections  designed  to  ensure  sufficient 
diffusive  oxygen  transport.  The  formation  and  removal  of  water 
droplets  emerging  from  the  PTL  at  the  cathode  of  hydrogen-fueled 
Polymer  Electrolyte  Membrane  (PEM)  fuel  cells  is  studied  in  [20]. 
In  that  study,  contact  angles  on  different  porous  carbon  materials 
are  reported  to  vary  from  0=125°  to  0=145°.  Such  hydrophobic 
behavior  is  desired  on  the  PTL  because  it  prevents  flooding  but 
for  the  porous  carbon  flow  fields  the  high  contact  angles  would 
not  allow  for  the  proposed  water  removal  mechanism.  Therefore, 
the  porous  carbon  of  the  cathode  flow  field  was  made  hydrophilic 
by  plasma  activation.  After  the  plasma  treatment,  a  droplet  touch¬ 
ing  the  material  is  sucked  into  the  bulk  material  as  schematically 
depicted  in  Fig.  1.  The  average  capillary  pressure  in  the  porous 
carbon  was  determined  by  dipping  the  flow  field  into  water  and 
measuring  the  hydrostatic  height  of  the  wetted  material.  A  height 
of  hhyd  =  9.5  cm  was  measured  which  corresponds  to  an  average 


capillary  pressure  of  Apint  =  p\\2ogh\iyd  =  932 Nrrr2.  A  droplet 
emerging  from  the  PTL  and  touching  the  side  walls  of  the  channel  is 
sucked  into  the  bulk  material  due  to  this  capillary  pressure  caused 
by  the  wetting  of  the  hydrophilic  carbon  material.  During  DMFC 
operation,  more  and  more  water  accumulates  in  the  porous  flow 
field.  As  soon  as  the  water  reaches  the  sides  of  the  flow  field,  it  is 
further  transported  into  the  attached  non-woven  material,  which 
exhibits  an  even  higher  capillary  pressure  of  Aplnt  =  1033  Nrrr2. 
From  the  non-woven  material,  the  water  evaporates  to  the  envi¬ 
ronment.  The  carbon  flow  field  is  micro-structured  with  channels 
in  order  to  ensure  free  diffusion  paths  in  the  flow  field  even  if 
water  accumulation  partially  blocks  the  pores  of  the  porous  car¬ 
bon.  The  capillary  water-transport  mechanism  in  combination  with 
an  electro-osmotic  pump  has  been  used  for  water  management  in 
hydrogen-fueled  PEM  fuel  cells  [21].  To  our  knowledge,  the  appli¬ 
cation  to  fully  passive  DMFCs  as  described  in  the  present  paper  is 
investigated  here  for  the  first  time.  As  an  initial  approach,  the  same 
channel  cross-sections  as  presented  in  [21]  are  used  as  detailed  in 
the  following  section. 

4.  Experimental 

An  exploded  view  of  the  passive  DMFC  is  depicted  in  Fig.  3. 
The  Membrane  Electrode  Assembly  (MEA)  (catalyst-coated  ® Nation 
N115;  active  area:  Amea  =  2.6  cm2 ;  anode:  3  mg  cm-2  PtRu:  cathode: 
1.3  mg  cm-2  Pt  manufactured  by  BalticFuelCells)  is  sandwiched 
between  two  PTLs,  a  280  |xm  thick  PTL  (SGL,  ® SIGRACET  GDL31  -BA) 
at  the  anode  that  has  been  made  hydrophilic  by  plasma  activation 
and  a  hydrophobic  PTL  (SGL,  ®SIGRACET  S10CC)  with  a  micro- 
porous  layer  facing  the  MEA  at  the  cathode. 


Fig.  3.  (a)  Exploded  view  of  the  passive  DMFC  system.  ( 1 )  Aluminum  support  plate; 
(2)  transparent  end  plate;  (3)  anode  flow  field;  (4)  current  collector;  (5)  vacuum-cast 
PDMS  sealing;  (6)  anode  PTL;  (7)  MEA;  (8)  cathode  PTL;  (9)  cathode  flow  field;  (10) 
conductive  end  plate,  (b)  Enlarged  anode  flow  field,  (c)  Enlarged  section  of  the  anode 
flow  field  showing  the  intersection  of  the  tapered  channels  and  the  gas  collection 
channel  and  the  bubble  fence,  (d)  Cathode  flow  field  showing  the  channels  on  the 
side  facing  the  MEA  (upper  surface)  and  the  perpendicular  channels  on  the  side  away 
from  the  MEA  (lower  surface). 
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The  anode  flow  field  consists  of  six  parallel  tapered  channels 
fabricated  by  micro-milling  in  transparent  COC.  A  detailed  view  of 
the  flow  field  is  given  in  Fig.  3  (b).  Each  channel  has  an  inlet  height 
of  hin  =  0.2  mm,  is  w  =  1 .2  mm  wide,  has  an  opening  angle  of  a  =  4° 
and  is  l  =  14.3  mm  long.  The  channels  are  coated  with  a  hydrophilic 
polymer  DMAAm-MaBP  [22]  by  dip  coating  which  results  in  con¬ 
tact  angles  of  the  water-methanol  solution  at  the  walls  of  0  =  10°. 
At  the  channel  end,  a  gas  collection  channel  with  a  cross-section  of 
hgcc  •  WgCC  =  2  mm  •  2  mm  connects  the  parallel  channels  with  each 
other.  In  the  gas  collection  channel,  the  C02  gas  phase  is  separated 
from  the  liquid  by  a  hydrophobic  membrane  (Fig.  1  (part  3))  (What¬ 
man  PTFE  TE36)  that  enables  gas  venting  but  holds  back  the  liquid 
by  capillary  forces  and  a  bubble  fence  (Fig.  1  (part  4)  and  Fig.  3(c)) 
that  allows  the  liquid  phase  to  pass  but  retains  the  gas,  again,  by  cap¬ 
illary  forces.  The  bubble  fence  consists  of  20  hydrophilic  coated  COC 
poles  with  a  diameter  of  d  =  0.3  mm  separated  by  gaps  of  a  width 
of  wgap  =  0.2  mm  as  detailed  in  Fig.  3  (c).  The  gaps  for  transmit¬ 
ting  the  liquid  have  a  depth  of  Dgap  =  0.2  mm.  The  bubbles  moving 
along  the  tapered  channels  pump  the  methanol  solution  through 
the  bubble  fence  and  the  tubing  into  the  reservoir  and  leave  the  sys¬ 
tem  through  the  hydrophobic  membrane.  At  the  channel  inlet,  the 
same  gas  collection  channel  with  the  gas-liquid  separation  feature 
is  added  in  order  to  avoid  that  small  bubbles  moving  out  of  the  inlet, 
driven  for  example  by  buoyancy  forces  in  the  vertical  orientation, 
accumulate  and  subsequently  block  the  channel  inlets. 

Since  the  flow  field  consists  of  non-conductive  COC,  a  current 
collector  is  added  (Fig.  3  (part  4))  that  was  manufactured  by  laser 
cutting  of  stainless  steel  and  electroplated  with  a  5  p,m  gold  layer. 
The  anode  is  sealed  by  a  vacuum-cast  PDMS  layer  (Fig.  3  (part  5)). 

The  cathode  flow  field  is  3  mm  thick  and  consists  of  porous 
carbon  (SGL,  PGP)  (Fig.  1  (part  11)  and  Fig.  3  (d))  that  was  also 
made  hydrophilic  by  plasma  activation.  Channels  in  the  direction 
perpendicular  to  the  methanol  channels  at  the  anode  are  milled 
into  the  carbon.  The  cross-section  of  these  channels  is  h\  •  = 

1  mm  •  1  mm.  In  order  to  enhance  the  oxygen  diffusion,  channels 
with  a  cross-section  of  fr2  •  w2  =  2  mm  1.5  mm  are  milled  into  the 
porous  carbon  on  the  side  away  from  the  MEA,  in  direction  perpen¬ 
dicular  to  the  channels  on  the  side  facing  the  MEA. 


5.  Results 

5.1  Capillary  forces,  buoyancy  forces  and  pinning 

For  the  considered  anode  flow  field,  the  movement  of  bubbles 
against  buoyancy  forces  is  analyzed  with  the  set  of  equation  intro¬ 
duced  in  Section  3.1  (Eqs.  (3)-(8)).  In  Fig.  4,  the  difference  between 
the  capillary  pressure  and  the  buoyancy  pressure  of  a  bubble  with 
its  front  meniscus  situated  at  the  channel  outlet  (see  Fig.  2)  is  plot¬ 
ted  as  a  function  of  the  bubble  length.  The  static  contact  angle  of 
0=10°  measured  on  the  polymer-coated  COC  for  a  2M  methanol 
solution  and  the  surface  tension  of  a  2  M  water  methanol  solution 
at  room  temperature  (cr  =  0.062  N  irr 1 )  [24]  are  used  for  this  analy¬ 
sis.  A  positive  pressure  difference  means  that  the  bubble  moves  in 
the  pumping  direction,  a  negative  pressure  means  that  the  bubble 
moves  backwards  towards  the  narrower  part  of  the  channel  and 
zero  pressure  indicates  that  the  bubble  pins  to  the  channel  walls. 
It  can  be  seen  that  if  no  contact  line  pinning  is  assumed,  a  bub¬ 
ble  longer  than  8.5  mm  would  move  in  the  pumping  direction  and 
a  bubble  smaller  than  8.5  mm  would  move  backwards.  When  it  is 
assumed  that  contact  line  pinning  can  occur,  bubbles  of  a  certain 
length  pin  at  the  walls  as  indicated  by  a  zero  pressure  difference  in 
Fig.  4.  For  example,  for  a  contact  angle  hysteresis  of  0hys  =  20°,  a  bub¬ 
ble  of  a  length  shorter  than  6.5  mm  would  move  backwards  against 
the  pump  direction,  a  bubble  longer  than  the  6.5  mm  but  shorter 
than  9.9  mm  would  pin  at  the  channel  wall,  and  for  bubbles  longer 


Fig.  4.  Capillary  pressure  versus  buoyancy  pressure  across  a  single  bubble  at  the 
intersection  of  the  tapered  channel  and  the  gas  collection  channel  in  a  vertically 
oriented  anode  flow  field  (as  depicted  schematically  in  Fig.  2).  The  bubble  is  assumed 
to  touch  all  four  channel  surfaces,  so  the  smallest  bubble  length  considered  is  1.2  mm. 


than  9.9  mm,  the  capillary  pressure  difference  reduced  by  the  con¬ 
tact  angle  hysteresis  would  exceed  buoyancy  pressure.  For  a  contact 
angle  hysteresis  larger  than  0hys  =  20°,  the  backward  movement 
vanishes.  In  that  case,  the  buoyancy  forces  are  never  large  enough 
to  move  bubbles  that  fill  the  complete  channel  cross-section,  no 
matter  how  long  the  bubbles  are.  Flowever,  bubble  movement  in 
the  pumping  direction  still  occurs.  For  a  contact  angle  hysteresis 
of  0hys  =  30°,  bubbles  longer  than  Lbub  =  11.25  mm  move  towards  the 
hydrophobic  membrane  and  for  6hys  =  40°,  the  bubble  length  must 
exceed  Lbub  =  12.6  mm.  If  the  contact  angle  hysteresis  is  larger  than 
6hys  =  54°,  the  pumping  mechanism  fails  because  the  bubbles  would 
have  to  grow  larger  than  the  complete  channel  length  in  order  that 
the  capillary  forces  reduced  by  pinning  would  overcame  buoyancy 
forces. 

At  temperatures  higher  than  room  temperature,  the  surface  ten¬ 
sion  of  the  methanol  solution  decreases.  Cell  temperatures  for  the 
passive  DMFC  under  passive  conditions  fed  with  a  2  M  methanol 
solution  have  been  reported  to  be  up  to  35  °C  [6].  For  active  DMFCs, 
typical  operation  temperatures  are  around  85  °C  [23].  The  surface 
tension  of  water  decreases  from  <jh2o(23°C)  =  0.073  N  m-1  at  room 
temperature  to  <xh2o(850C)  =  0.062  N  nrr 1  [24].  Assuming  a  similar 
decrease  of  the  surface  tension  of  the  aqueous  methanol  solu¬ 
tion,  at  85  °C,  the  bubbles  would  have  to  grow  somewhat  larger 
so  that  the  capillary  forces  reduced  by  pinning  would  overcome 
the  buoyancy  forces.  For  example,  at  a  hysteresis  of  0hys  =  20°  and  a 
surface  tension  of  <r2M  Me0H  (85  °C)  «  0.053  N  m-1 ,  a  bubble  longer 
than  10.8  mm  would  move  in  pumping  direction  whereas  for  the 
surface  tension  at  room  temperature,  the  bubble  would  have  to 
be  larger  than  9.9  mm.  At  T=  85  °C,  for  a  hysteresis  of  0hys  =  5!°, 
the  bubble  length  would  have  to  exceed  the  channel  length  to  be 
transported  in  pump  direction  whereas  at  room  temperature,  a 
hysteresis  6bys  =  54°  would  be  acceptable. 

The  result  of  this  evaluation  is  that  the  passive  anode  moves 
gas  bubble  against  the  buoyancy  forces  as  long  as  the  contact  angle 
hysteresis  at  the  channel  walls  does  not  exceed  6hys  =  54°  at  room 
temperature  and  0hys  =  51°  at  T=  85  °C.  These  hysteresis  values  that 
would  cause  the  system  to  malfunction  are  much  higher  than  the 
values  that  have  been  observed  in  the  investigated  anode  flow  fields 
even  after  an  exposure  of  the  samples  to  ambient  air  for  more  than 
three  months.  Therefore,  at  typical  DMFC  operation  conditions, 
the  proposed  geometry  is  suitable  for  passive  fuel  supply  even  in 
vertically  oriented  DMFCs  with  bubbles  moving  against  buoyancy 
forces. 
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Fig.  5.  Current  density  and  flow  rate  plotted  against  time  for  two  galvanostatic  load 
cycles;  T=  23  °C. 

5.2.  Pumping  performance  of  the  passive  supply  mechanism  at 
the  anode 

The  liquid  flow  rates  induced  by  moving  gas  bubbles  were  stud¬ 
ied  during  DMFC  operation.  Fig.  5  shows  the  liquid  flow  rate  and 
the  electric  current  density  for  two  electric  load  cycles  plotted 
against  time.  The  load  cycle  was  performed  with  galvanostatic  steps 
(At=10s;  Ai  =  7.7mA cm-2)  with  the  DMFC  in  a  horizontal  posi¬ 
tion  at  room  temperature  (T=  23  °C).  The  floating  average  with  a 
time  span  of  10  s  shows  maxima  and  minima  closely  following  the 
electric  load.  At  the  first  peak,  a  pumping  efficiency  of  peff=  22% 
was  determined  and  for  the  second  peak  peff=  20%.  Considering 
the  average  current  density  and  the  average  flow  rate  over  the  two 
complete  cycles,  the  pumping  efficiency  yields  peff=  19%.  In  Fig.  6, 
a  detail  of  Fig.  5  is  plotted  that  shows  the  flow  rates  together  with 
the  pressure  difference  measured  between  the  anode  inlet  and  the 
anode  outlet  between  t=200s  and  t= 250  s.  In  this  detail,  the  flu¬ 
idic  response  to  the  electric  current  at  the  end  of  the  first  load  cycle, 
at  the  transition  to  the  second  load  cycle,  and  in  the  beginning  of 
the  second  load  cycle  is  depicted.  It  can  be  seen  that  the  flow  rate 
is  closely  related  to  the  pressure  difference,  which  is  not  surpris¬ 
ing  but  proves  that  the  flow  rate  fluctuations  with  each  single  peak 
are  actually  caused  by  single  bubbles  moving  through  the  tapered 
channels  and  pumping  the  liquid  water-methanol  mixture  and  not 
by  any  other  measurement  noise. 

The  fluidic  response  to  an  electric  load  cycle  starts  with  the 
nucleation  of  gas  bubbles  (beginning  of  the  second  cycle  in  Fig.  6; 


Time  (s) 

Fig.  6.  Pressure  difference  between  the  outlet  and  the  inlet  of  the  anode  flow  field 
and  the  corresponding  flow  rate  plotted  against  time  for  the  end  of  the  first  and  the 
beginning  of  the  second  load  cycle  depicted  in  Fig.  5. 


217 s<t< 219s).  The  gas  bubbles  displace  liquid  out  of  the  flow 
field  and  the  flow  sensor,  as  arranged  in  the  measurement  set-up 
depicted  in  Fig.  1,  shows  a  positive  flow  rate.  In  this  initial  state, 
liquid  also  flows  out  of  the  channel  end  with  the  smaller  cross- 
section,  thus,  no  net  flow  is  generated  in  pump  direction.  As  the 
growing  bubbles  touch  both  channel  walls  and  the  capillary  pres¬ 
sure  overcomes  the  resistance  caused  by  contact  line  pinning,  the 
bubbles  start  moving  towards  the  increasing  channel  cross-section, 
and  the  actual  pumping  starts  (Fig.  6;  t  >  219  s):  the  moving  bubbles 
suck  liquid  into  the  narrow  channel  end  and  push  liquid  out  of  the 
channel  end  with  the  larger  cross-section.  At  the  end  of  a  load  cycle 
and  in  the  beginning  of  the  following  load  cycle  until  new  gas  bub¬ 
bles  are  formed  (Fig.  6;  207  s  <  t  <  217  s),  the  remaining  gas  in  the 
gas  collection  channel  continues  to  leave  the  flow  field  through  the 
hydrophobic  membrane.  At  this  state  again,  no  net  flow  in  pump 
direction  occurs.  Liquid  flows  from  the  reservoir  into  the  channel  at 
both  channel  ends  replacing  the  gas  that  leaves  the  system  through 
the  hydrophobic  membrane,  thus,  the  flow  sensor  as  arranged  in 
Fig.  1  shows  negative  flow  rates. 

Since  the  liquid  flow  rate  closely  follows  the  electric  load,  the 
methanol  supply  is  regulated  by  the  passive  anode  flow  field.  The 
response  time  is  of  the  order  of  10  s  whereas  a  response  time  of 
several  minutes  would  be  sufficient  due  to  the  storage  of  methanol 
in  the  channel  and  the  PTL.  Thus,  the  anode  is  fully  self-regulating 
and  no  external  components  are  required  to  control  the  methanol 
supply. 

In  Fig.  7,  the  average  pumping  efficiency  of  the  anode  of  the 
DMFC  is  plotted  against  the  current  density  for  different  DMFC 
orientations.  To  extend  the  operation  range  of  the  current  den¬ 
sity,  the  DMFC  was  heated  to  50  °C  for  this  experiment.  Each  data 
point  was  acquired  by  averaging  the  flow  rates  over  10  min  and 
repeating  the  measurements  3  times  on  different  days.  The  small¬ 
est  peff  was  measured  at  a  current  density  of  i  =  13.5  mAcm-2  in  a 
vertical  position  with  the  bubbles  moving  upwards  driven  by  buoy¬ 
ancy  forces  (Fig.  7  light  grey  line).  The  reason  for  the  small  pejj  is 
the  dominating  non-blocking  pumping  mode  in  this  configuration 
which  can  be  understood  as  follows:  As  depicted  in  Fig.  8(a),  com¬ 
paratively  small  bubbles  that  do  not  fill  the  cross-section  of  the 
tapered  channel  move  along  the  channel  from  the  smaller  to  the 
larger  cross-section,  driven  by  buoyancy  forces.  As  discussed  in  our 
previous  work  [12],  in  the  non-blocking  pumping  mode,  the  major 
share  of  the  liquid  displaced  by  moving  bubbles  circulates  directly 
around  the  bubbles  and  only  a  minor  part  contributes  to  the  pump¬ 
ing  mechanism.  As  the  bubble  generation  frequency  increases  with 
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Fig.  7.  Pumping  efficiency  of  the  passive  anode  flow  field  plotted  against  the  current 
density  for  different  DMFC  orientations.  The  DMFC  was  heated  to  T=  50  °C  in  order 
to  extend  the  operation  range  of  the  current  density. 
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Pumping  direction 
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Bubble  movement  driven  by  capillary  forces 

- - - ►  (C) 


Fig.  8.  Top  view  of  moving  bubbles  in  two  parallel  tapered  channels  of  the  anode  flow  field  for  different  DMFC  orientations  at  z  =  53.8  mAcrrr2.  The  time  difference  between 
the  left  and  the  right  picture  series  is  At  =  5.7  s.  (a)  Vertical  orientation  with  the  bubbles  moving  upwards,  (b)  Vertical  orientation  with  the  bubbles  moving  downwards 
against  buoyancy  forces,  (c)  Horizontal  orientation. 


increasing  current  densities,  more  liquid  is  dragged  in  the  pump¬ 
ing  direction  by  the  numerous  bubbles  moving  in  the  non-blocking 
mode  and  pejj  initially  increases  with  an  increasing  electric  load.  As 
the  load  increases  further,  pejj  remains  roughly  constant. 

The  largest  peff  occurs  at  low  current  densities  with  the  capillary 
movement  of  bubbles  against  buoyancy  forces  (Fig.  7  dark  grey  line 
and  Fig.  8  (b)).  In  this  orientation,  small  bubbles  driven  by  buoyancy 
forces  move  in  the  opposite  direction  of  the  overall  pumping  direc¬ 
tion.  In  the  narrower  part  of  the  channel,  these  bubbles  are  caught 
either  by  the  upper  and  lower  channel  surfaces  or  by  a  bubble  that 
has  been  formed  there  previously.  Bubbles  grow  from  the  narrow 
part  of  the  channel  towards  the  larger  channel  cross-section.  When 
these  bubbles  exceed  a  certain  size,  the  capillary  forces  of  the  bub¬ 
bles  that  are  deformed  by  the  tapered  channel  walls  overcome  the 
buoyancy  forces  and  the  bubbles  move  in  the  blocking  pumping 
mode  towards  the  larger  cross-section  of  the  channel.  Since  these 
channel-blocking  gas  bubbles  initially  form  at  the  inlet  and  then 
move  through  the  complete  channel,  a  comparatively  large  amount 
of  liquid  is  transported  by  these  bubbles.  With  increasing  current 
densities,  blocking  bubbles  also  form  in  the  middle  of  the  channel, 
so  less  liquid  is  transported  by  those  bubbles.  As  a  consequence, 
peff  decreases  with  an  increasing  electric  load  in  the  vertical  DMFC 


orientation  when  the  bubbles  are  moving  against  their  buoyancy 
forces. 

In  the  horizontal  orientation  (Fig.  7  black  line  and  Fig.  8(c)),  small 
bubbles  remain  fixed  due  to  contact  line  pinning  and  large  bubbles 
move  in  the  pumping  direction  in  the  blocking  mode.  The  size  of  the 
liquid  segments  enclosed  by  moving  bubbles  in  the  blocking  mode 
decreases  slightly  with  increasing  current  density,  so  that  a  slight 
decline  of  pejj  can  be  observed  with  an  increasing  electric  load. 

In  all  orientations,  the  measured  mean  pumping  efficiency  was 
between  pejf=  1%  and  pejf= 40%.  The  minimum  required  value  was 
estimated  to  be  at  least  peff=  6%  when  methanol  crossover  is  already 
accounted  for,  hence,  in  any  orientation,  more  methanol  than 
critically  required  is  delivered  by  the  proposed  passive  transport 
mechanism.  This  proves  the  mechanism  to  be  suitable  for  fuel 
supply  in  passive  and  portable  DMFCs  operating  in  all  spatial  ori¬ 
entations. 

5.3.  DMFC  performance 

The  performance  evaluation  of  the  passive  DMFC  was  performed 
at  room  temperature  (T=23°C).  First,  as  a  reference  experiment, 
measurements  were  performed  for  the  horizontal  orientation  using 
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Fig.  9.  Experimental  results  for  the  passive  DMFC  performance  at  ambient  tempera¬ 
ture  and  pressure  (p  =  latm;  7=  23  °C)  for  two  different  cathode  flow  fields:  A  simple 
spacer  flow  field  compared  to  a  cathode  flow  field  with  capillary  water  removal 
consisting  of  micro-structured  hydrophilic  porous  carbon. 


a  cathode  flow  field  without  capillary  water  removal.  The  flow  field 
consists  of  a  spacer  manufactured  by  stereo-lithography  and  a  cur¬ 
rent  collector.  The  polarization  curve  of  the  operating  DMFC  at 
ambient  temperature  and  pressure  is  plotted  in  Fig.  9  (grey  line). 
For  each  selected  current  density,  measurements  were  performed 
every  10  s  for  galvanostatic  intervals  of  1  h.  A  break-up  voltage  of 
150  mV  was  chosen  in  order  to  avoid  MEA  degradation  at  low  volt¬ 
ages.  The  maximum  power  point  (MPP)  was  reached  at  a  current 
density  of  i  =  1 9.2  mA  cm-2  with  a  power  output  of  p  =  3 .2  mW  cm-2 . 
The  DMFC  shows  hardly  any  stable  working  points  and  a  fluctua¬ 
tion  of  0.7  mW  was  measured  at  the  MPP,  which  was  mainly  caused 
by  a  decrease  in  the  cell  voltage  over  time.  The  unstable  perfor¬ 
mance  was  caused  by  water  accumulation  in  the  cathode  flow  field 
that  partially  flooded  the  cathode  and  therefore  hindered  oxygen 
supply.  A  photograph  of  the  passive  DMFC  with  two  enlarged  sec¬ 
tions,  one  showing  water  accumulation  in  the  spacer  cathode  flow 
field  and  one  showing  droplet  formations  in  the  new  porous  carbon 
cathode  flow  field  is  reproduced  in  Fig.  10.  It  can  be  seen  that  in  the 
spacer  flow  field,  the  water  spreads  over  the  cross-section  of  the 
channel  (Fig.  10  left).  By  contrast,  in  the  porous  carbon  flow  field, 
water  droplets  are  sucked  into  the  bulk  material  as  soon  as  they 
touch  the  side  walls  of  the  channel.  Only  small  droplets  remain 
(Fig.  10  right)  and  the  channels  are  never  blocked.  The  water  is 
transported  through  the  porous  carbon  and  the  non-woven  mate¬ 
rial  out  of  the  DMFC  where  the  water  finally  evaporates.  In  Fig.  9 
(black  lines),  the  performance  of  the  same  DMFC  with  the  porous 
carbon  cathode  flow  field  implemented  is  depicted.  The  MPP  is 
reached  at  a  current  density  of  i  =  35  mA  cm-2  with  a  power  den¬ 
sity  of  p  =  5.7  mW  cm-2.  Comparatively  low  fluctuations  (less  than 
0.3  mW)  of  the  power  density  were  measured  for  current  densities 
between  i=  15  mA cm-2  and  i  =  35mAcnrr2.  This  operation  range 
shows  a  stable  performance  where  a  sufficient  amount  of  fuel  is 
transported  to  both  the  anode  and  the  cathode  of  the  DMFC. 

The  long-term  performance  of  the  passive  DMFC  for  a  current 
density  of  i  =  17.3  mAcnrr2  is  depicted  in  Fig.  11  again  for  the  two 
different  cathode  flow  fields  and  for  two  different  DMFC  orien¬ 
tations.  When  the  spacer  flow  field  was  used,  the  power  density 
declined  rapidly  from  p  =  4.3mWcm-2  to  less  than  2mWcm-2 
within  the  first  5  h  of  operation  (Fig.  11  light  grey  line).  The  reason 
for  the  comparatively  poor  performance  is  again  the  water  accu¬ 
mulation  in  the  channels.  By  contrast,  the  porous  carbon  cathode 
flow  field  allows  for  a  stable  long-term  performance  in  the  same 
vertical  DMFC  orientation  as  in  the  previously  performed  reference 
experiment  with  the  spacer  cathode  flow  field.  A  continuous  oper- 
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Fig.  10.  Photograph  of  the  passive  DMFC  with  the  porous  carbon  flow  field.  The 
enlarged  segments  show  the  water  accumulation  in  the  different  cathode  flow  fields 
during  the  measurement  of  the  polarization  curve  (Fig.  9).  Left:  water  accumula¬ 
tion  in  the  spacer  flow  field.  Right:  water  formation  in  the  porous  carbon  flow  field 
with  passive  water  removal  in  three  different  configurations:  (a)  horizontal,  cathode 
facing  downwards,  (b)  horizontal,  cathode  facing  upwards,  (c)  vertical. 


ation  of  more  than  40  h  was  observed  with  a  power  decrease  of 
less  than  12%  (Fig.  11  black  line).  Finally,  the  DMFC  was  tested  in 
the  most  challenging  position  with  the  anode  facing  downwards. 
In  this  position,  the  buoyancy  of  the  C02  gas  in  the  water  methanol 
solution  pushes  the  bubbles  against  the  active  area  of  the  anode, 
and  gravity  does  the  same  to  water  droplets  at  the  cathode.  Over 
the  measurement  period  of  42  h,  the  power  output  declines  from 
initially  p  =  4.5  mW  cm-2  to  p  =  3.2  mW  cm-2  (Fig.  11  dark  grey  line). 
Comparison  with  the  vertical  orientation  indicates  that  the  influ¬ 
ence  of  gravity  on  the  cell  orientation  is  small,  but  still  noticeable. 
We  assume  that  the  slightly  steeper  power  decline  in  the  horizontal 
orientation  is  due  to  an  increased  liquid  saturation  in  the  PTL  and 
the  formation  of  a  water  film  between  the  catalyst  layer  and  the 
PTL.  When  the  DMFC  was  disassembled  after  this  measurement, 
the  catalyst  at  the  cathode  showed  comparatively  large  wet  spots. 
The  increase  of  liquid  saturation  and  water  film  formation  in  the 
horizontal  orientation  with  the  anode  facing  downwards  may  be 
due  to  an  increase  of  the  amount  of  water  that  resides  in  the  cath- 
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Fig.  11.  Long-term  power  performance  of  the  passive  DMFC  for  the  two  different 
cathode  flow  fields  and  for  two  different  DMFC  orientations. 
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ode  flow  field  channels.  As  a  consequence,  the  humidity  increases 
which  reduces  the  diffusive  water  transport  through  the  PTL  and 
thus  liquid  water  formation  is  favored  in  the  PTL  and  between  the 
PTL  and  the  MEA.  Though  the  fluid  behavior  inside  the  PTL  and 
between  the  PTL  and  the  MEA  is  not  directly  affected  by  gravity  due 
to  the  small  dimensions  of  the  pores,  gravity  does  have  an  influ¬ 
ence  on  the  water  formation  and  transport  inside  the  channels  of 
the  cathode  flow  field.  Fig.  10(a-c)  show  the  water  formation  inside 
the  cathode  flow  field  in  the  horizontal  and  the  vertical  orientation. 
It  can  be  seen  that  in  the  vertical  orientation  (Fig.  10  (c))  much  less 
water  resides  in  the  channels.  The  reason  for  the  enhanced  water 
transport  in  the  vertical  orientation  is  that  gravity  drags  the  water 
droplets  forming  on  or  emerging  from  the  hydrophobic  surface  of 
the  PTL  towards  the  channel  walls.  This  does  not  happen  in  the 
vertical  orientation  in  which  droplets  that  grow  in  the  centre  of 
the  channel  can  reach  a  diameter  of  the  channel  width  of  1  mm 
(see  Fig.  10  (b))  before  they  touch  the  channel  walls  and  become 
removed  by  capillary  action.  As  stated  above,  the  amount  of  water 
residing  in  the  cathode  flow  field  presumably  influences  the  mass 
transport  in  the  PTL  and  thus  influences  the  DMFC  performance. 
Fluid  management  in  the  PTL  is  not  addressed  in  this  work  but  might 
improve  the  performance  of  the  passive  DMFC  futher. 

6.  Conclusions 

A  DMFC  layout  concept  is  presented  that  enables  the  design  of  a 
passive,  compact,  and  portable  DMFC  with  continuous  operation  in 
all  spatial  orientations.  The  concept  has  been  proven  by  construct¬ 
ing  and  testing  a  passive  DMFC  prototype.  At  the  anode,  at  least 
3.5  times  more  methanol  than  the  stoichiometry  of  the  methanol 
oxidation  would  require  to  sustain  DMFC  operation  is  transported 
by  the  supply  mechanism  driven  by  capillary  movement  of  CO2 
bubbles.  The  flow  rates  induced  by  the  moving  bubbles  closely 
follow  the  electric  load,  so  the  mechanism  can  be  considered  as 
self-regulating.  At  the  cathode,  oxygen  is  supplied  by  diffusion  and 
the  reaction  product  water  is  transported  out  of  the  DMFC  along  a 
continuous  capillary  gradient.  With  these  features,  the  DMFC  exhib¬ 
ited  stable  operation  for  more  than  40  h  in  all  orientations  without 
the  need  for  any  external  components  such  as  pumps  or  valves.  To 
further  improve  the  performance  of  the  passive  DMFC,  micro-fluid 


management  with  respect  to  the  porous  transport  layer  and  the 
interfaces  between  the  PTL  and  the  MEA  should  be  considered.  To 
further  increase  the  energy  density  of  the  complete  system,  we  see 
potential  in  combining  a  methanol  dosage  system  and  a  methanol 
reservoir  containing  pure  methanol  as  presented  in  [10],  with  the 
passive  fuel  supply  concept  presented  and  discussed  in  the  present 
work. 
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